Nano metal oxides are common combustion catalysts for enhancing the burning rate of solid propellants. 
Introduction
Solid propellants as the power source of missiles and rocket engines are signicant. They are composite materials that are made up of an oxidation agent, a burning catalyst, a binder and so on. For solid propellants, the core of the propulsion technology is combustion performance. 1 The combustion performance refers to the burning rate and the pressure index. A propellant without a catalyst has a low burning rate, a highpressure index, and unstable combustion. Therefore, a burning-rate catalyst is an indispensable key material in solid propellants. Nitrocellulose (NC) is a common oxidant in solid propellants, and its decomposition properties are closely connected to the combustion performances of propellants.
2 Several studies have demonstrated that by adding burning catalysts, the oxidizer decomposition can be signicantly accelerated and the burning rate of the propellant can be enhanced. 3 In recent years, nanoscale metal oxides have exhibited high catalytic activity due to their large surface area, high mobility of their surface atoms, small particle size, and varied lattice defects, which have drawn extensive attention in various elds such as in photocatalysis, 4 electrochemistry, 5 solid-oxide fuel cells, 6 magnetic materials, 7 etc. 8 As a common transition metal oxide in nature, Cr 2 O 3 is environmentally compatible, low-cost, less toxic, and naturally abundant and exhibits good catalytic activity; moreover, it has been widely applied as a burning catalyst. For instance, annealed Cr 2 O 3 nanorods could accelerate the thermal decomposition process of cyclotrimethylenetrinitramine (RDX) and reduce the decomposition temperature by 10 C. 9 Another study showed that nanosized Cr 2 O 3 NPs decreased the ignition delay time by a factor of 3.5 (16 AE 2 vs. 54 AE 4 ms) and accelerated the combustion rate (340 AE 10 mm s À1 ) of the Al/Cr 2 O 3 thermite, which was fabricated by Cr 2 O 3 micro-or nanoparticles (F z 20 nm) and Al NPs (F z 50 nm).
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A number of efforts have been devoted towards the exploration of the catalytic effects of Cr 2 O 3 , and as a burning catalyst, Cr 2 O 3 exhibits excellent catalyst performance. However, studies on the compatibility and thermal decomposition mechanism of nitrocellulose/Cr 2 O 3 NPs have been rarely reported. Compatibility is one of the most important measures for energetic materials, which determines whether two components can be used together. Moreover, investigation of the thermal decomposition mechanism could help to understand the catalytic mechanism and design efficient catalysts.
In this study, we prepared Cr 2 O 3 NPs using a sol-gel method and studied the thermal behaviour and nonisothermal decomposition kinetics of the Cr 2 
Preparation of the Cr 2 O 3 NPs
Cr 2 O 3 nanopowders were prepared by a sol-gel method. In the synthesis of the Cr 2 O 3 gel, CrCl 3 $6H 2 O was used as the chromium source, and propylene oxide was used as the complexing agent. Typically, 0.66 g of CrCl 3 $6H 2 O was dissolved in 2.0 mL of anhydrous ethanol, and a green transparent solution was obtained by ultrasonic dispersion at room temperature. Then, 0.85 mL of propylene oxide was added to form a uniform, stable dark green wet gel within 10 minutes. Aer aging for 24 h, the precursors were removed by drying in an oven at 60 C. The resulting xerogel was calcined at 800 C for 2 h.
Preparation of composite materials
The Cr 2 O 3 NPs were evenly mixed with NC to obtain composite materials at a 1 : 1 proportion by mass. The products were used for the DSC experiment to assess the compatibility of Cr 2 O 3 NPs with the main component of the double-base (DB) propellant.
Samples characterization
Physical phase, composition, morphology and structure of the raw materials and products were characterized by XRD, SEM-EDS and FTIR spectroscopy. X-ray diffractograms were obtained via the D/MAX-3C (Japan) instrument using Cu Ka radiation (l ¼ 0. 
Results and discussion
The morphology and size of the nanometer oxides and composite materials were investigated by SEM and TEM. Fig. 1a and b show the SEM images of Cr 2 O 3 NPs obtained with Â50 000 and Â100 000 magnication, respectively. In these images, a loosely agglomerated structure can be observed. The Cr 2 O 3 NPs are spherical in shape with an average diameter of $100 nm. As determined from the typical TEM image (Fig. 1c) , thickly dotted pits were found on the surface of the Cr 2 O 3 NPs. The cross-sectional HRTEM image of a small part of the Cr 2 O 3 nanoparticle is shown in Fig. 1d . Only one set of clear lattice fringes with an interplanar distance of 0.36 nm could be seen, which could be indexed to the 012 plane of the Cr 2 O 3 structure. Good crystallinity is also conrmed by the corresponding fast Fourier-transform (FFT) image (the inset in Fig. 1d ). As displayed in Fig. 1e , the Cr 2 O 3 /NC composite material shows a claviform structure with rough and irregular surfaces, diameter in the range from 25 to 35 mm and length in the range from 80 to 200 mm. Elemental analysis (as shown in Fig. 1e ) reveals that the presence of only chromium and oxygen elements agrees with the chemical composition of Cr 2 O 3 .
Crystal structure and phase composition of the resulting sample were characterized using the X-ray powder diffraction (XRD) technique. 
and 179.14 a E with the subscript eo and po is the apparent activation energy obtained from the onset temperature (T e ) and the peak temperature (T p ), respectively, by the Ozawa's method, E with the subscript K is the apparent activation energy obtained from the peak temperature (T p ) by the Kissinger's method. blue-shi via the quantum connement effect relative to those of the bulk crystal. The values of E a obtained by the Ozawa's method from the isoconversional DSC curves at the heating rates of 5.0, 10.0, 15.0, 20.0, 25.0 and 30.0 C min À1 were used to draw the E a -a (a, the extent of the reaction) relation (Fig. 5) . To compare the thermal behaviors of NC and the composite material, the E a -a relation of NC was obtained by the same method as shown in Fig. 5 a The values (T e0 and T p0 ) of the onset temperature (T e ) and peak temperature (T p ), the thermal ignition temperature (T be0 ), and the critical temperatures of thermal explosion (T bp0 ). 
where f(a) and da/dT are the differential model function and the rate of conversion, respectively. The kinetic equation for the exothermic decomposition reaction can be described as
The values T e0 and T p0 of the onset temperature (T e ) and the peak temperature (T p ) corresponding to b / 0 obtained by eqn (2) 
where R is the gas constant (8. , respectively. The thermal behavior of NC was analyzed using the same method. The results show that the reaction mechanism of the intense exothermic decomposition process can be classied as the reaction order f(a)
The calculated values of the kinetic parameters of the decomposition reaction for NC and Cr 2 O 3 /NC are listed in thermogravimetry/ differential thermal analysis (TG/DTA), isothermal storage tests (IST), pressure isothermal storage tests (PIST), manometric vacuum stability tests (MVST), pressure vacuum stability tests (PVST), 22 and isothermal microcalorimetry (IMC) 23 have been used for compatibility studies. The DSC thermal analysis method 24 is widely applied to evaluate the Fig. 8 The density distribution of the gas phase decomposition products of NC (a) and Cr 2 O 3 /NC (b). The temperature refers to the peak temperature. a T x , some temperature below the initial decomposition temperature; T i , the initial decomposition temperature; T e , the extrapolated onset temperature; T L , the peak temperature; T c , the extrapolated end temperature; and T f , the nal temperature.
This chemical compatibility between explosives and the contacted materials at high temperatures due to its features such as time-saving ability, reduced sample usage and operation convenience. Herein, the DSC thermal analysis method was applied to evaluate the compatibility of Cr 2 O 3 NPs with NC. The experimental data show that the decomposition peak temperature of Cr 2 O 3 /NC is lower than that of NC at 0.14 C, which is within the experimental and instrumental error. The result indicates that the compatibility of the Cr 2 O 3 powder with NC is good. 25 Therefore, the Cr 2 O 3 /NC composite can be used as a component in the preparation of propellants and explosives.
Thermal decomposition mechanism
The TG-FTIR simultaneous analysis technique was employed to investigate the thermal degradation process of NC and Cr 2 O 3 / NC at the heating rate of 10 C min À1 . It was found from the TG-DTG curves of NC and Cr 2 O 3 /NC (Fig. 6 ) that only one stage of the total mass loss occurred. The onset decomposition temperature (T i ) of Cr 2 O 3 /NC is 175.93 C, which is 2.88 C lower than that of NC. The apparent variation in the IR characteristic absorption peaks of the gaseous decomposition products of NC and Cr 2 O 3 / NC formed due to the thermal decomposition process at typical temperatures, including the temperature before decomposition (T x ), the initial temperature (T i ), the extrapolated onset temperature (T e ), the peak temperature (T p ), the extrapolated end temperature (T c ), and the nal temperature (T f ), are shown in Fig. 7 and 33 Evolution of the HCOOH gas is due to the secondary autocatalytic reactions of NC. [31] [32] [33] At the end of the decomposition process (T f ), the IR absorption peaks of H 2 O, CO 2 , NO and HCOOH 26, 27 are still easily identiable in Fig. 7a  (T f ) . The species and the intensities of the gas products obtained via the degradation of NC are also shown in the 3D FTIR spectra (Fig. 9a) .
From the gaseous product data obtained at T x and T i of Cr 2 O 3 /NC listed in originate from gases in the environment, and NO 2 can be rst detected at 175.93 C. Moreover, the noticeable IR peaks of CO and NO can be found at a lower temperature of 195.32 C (T e , Fig. 7b ) than those obtained for pure NC. Aer comparing the gaseous species with pure NC, we found that the Cr 2 O 3 /NC composite released more gaseous products at T c and T f . This is additional evidence of the catalytic effect of Cr 2 O 3 NPs on the thermal decomposition of NC, which may be due to the released NO 2 or radical stagnate in the polymer skeleton, which then reacts with the other radicals or degradation products to produce several small molecular products. The density distributions of the gas-phase decomposition products of NC and Cr 2 O 3 /NC are shown in Fig. 8 Fig. 10a and b, respectively. Fig. 10a shows that there exists obvious aggregation in the reaction residue. The particle size (about 100 nm) of Cr 2 O 3 showed no obvious change before and aer the decomposition reaction. Most of the particles are spherical in shape, except for a few particles sticking together in clumps at elevated temperatures. Fig. 10b shows that the diffraction peaks in the pattern are indexed to the rhombohedral phase of Cr 2 O 3 (JCPDS: 38-1479), which reveals that the vast majority of the Cr 2 O 3 /NC residues obtained aer the thermal treatment are Cr 2 O 3 powders. Fig. 10c ). 12 Furthermore, the FTIR spectrum of the Cr 2 O 3 /NC residue shows the characteristic peaks of the -CH and C-O groups, indicating that the NC residues (Fig. 10c) NPs in solid propellants due to the potential catalytic effect of these NPs on the decomposition of the main components of propellants.
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